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PREFACE

In January 1988, the US Army Engineer District, New Orleans, requested

that the US Army Engineer Waterways Experiment Station (WES) conduct an in-

vestigation to assess general changes in hydrodynamics and sedimentation as-

sociated with two plans to reduce shoaling in Mississippi River Southwest

Pass, Louisiana.

The study was conducted by personnel of the Hydraulics Laboratory, WES,

under the general direction of Messrs. F. A. Herrmann, Jr., Chief of the Hy-

draulics Laboratory; R. A. Sager, Assistant Chief of the Hydraulics Labora-

tory; W. H. McAnally, Jr., Chief of the Estuaries Division; and W. D. Martin,

Chief of the Estuarine Engineering Branch. The project was conducted by

Messrs. S. B. Heltzel, D. R. Richards, and W. D. Martin, Estuarine Engineering

Branch, arid R. C. Berger of the Estuaries Division. This report was prepared

by Messrs. Heltzel, Martin, Berger, and Richards and was edited by

Mrs. Marsha C. Gay of the Information Technology Laboratory, WES. ML. Cecil

Soileau of the US Army Engineer District, New Orleans, provided valuable

technical consultation.

Acting Commander and Director of WES during preparation of this report

was LTC Jack R. Stephens, EN. Technical Director was Dr. Robert W. Whalin.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI

(metric) units as follows:

Multiply By To Obtain

cubic feet 0.02831685 cubic metres

feet 0.3048 metres

square fect 0.09290304 square metres
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AN ANALYSIS OF TRAfNING STRUCTURE DESIGNS

IN SOUTHWEST PASS, MISSISSIPPI RIVER

PART I: INTRODUCTION

Southwest Pass

1. The Southwest Pass of the Mississippi River is the main navigation

outlet to the Gulf of Mexico, as shown in Figure 1. Historically, it has

undergonL many phyzical changes by man to improve its ability to provide safe

and economical navigation to the interior United States. Typically, the

changes were efforts to reduce the costs of maintaining the deepened naviga-

tion channels and to protect the Pass against attack by waves and subsidence.

2. Recently, the US Army Engineer District, New Orleans, developed a

plan that would assist in stabilizing the banks of Southwest Pass from erosion

while providing a hydraulic environment in the navigation channel that would

require less maintenance dredging. The planned improvements to Southwest Pass

are described in detail in the General Design Memorandum (GDM) (US Army

Engineer District, New Orleans, 1984).

3. Much of the plan had been built at the time of this study, but the

improvements on the lowest part of the river near the entrance were being re-

viewed due to the significant costs of this portion. In particular, the con-

crete pile inner bulkhead in the jetty reach warranted a review of design

alternatives.

Objectives

4. The objectives of this study were to determine if additional train-

ing dikes in the Southwest Pass jetty reach would provide training of the

flows comparable to a complete closure between the inner bulkheads and jetties

and thus provide equivalent maintenance dredging savings for significantly

lower construction costs.

Study Design and Approach

5. A plan was developed that used numerical models to evaluate less
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expensive alternatives. A total of eight geometries were tested. These are

summarized in Table I and shown in Figures 2-9.

6. Because information from the New Orleans District indicated that the

most important shoaling events occurred at flows above 900,000 cfs* at Venice,

LA., it was agreed that only this flow would be tested for the purposes of

comparing the base and seven plans. This flow effectively moves the salt

wedge to the tip of the jetties so that the assumptions of a vertically aver-

aged, homogeneous flow model are reasonable in the study area. Additionally,

at these flows, sediment transport in the jetty reach is riot strongly affected

by tides, so only steady-state conditions were considered.

7. The most recent hydrographic survey sheets (dated 11 March 1988)

were used to determine the existing depths in the area. Water depths outside

the navigation channel were provided by surveys conducted within the jetties.

Drawings that depicted the terminus of the constructed portion of the GDM

features were used to further define the geometry of the study area.

P. Finite element meshes were constructed for each of the eight desired

gcometries. The same mesh was used for each condition with dikes being

modeled by changing the particular dike element from a fluid element to a

solid one. Since identical depths and boundary conditions were used for each

simulation, the differences in the results came from the dike positioning

alone. The TABS-2 numerical modeling system was then used for both hydrody-

namic and sediment transport simulations. This system has been used on sev-

eral previous studies in this area and has proven a reliable tool for analy-

sis. The scope of the subject study did not permit verification of the TABS

model. However, this was unnecessary because the results were used to make

qualitative comparisons between the eight conditions and not quantitative com-

parisons. Anomalous results from the sediment numerical model resulted in its

replacement with an analytical method.

9. Sediment transport capacities were calculated using the Memphis

District equation, a modified form of llo's equation (Ilo 1975), and Colby's

method (Colby 1964). Since the study purpose was not to quantify the differ-

ences in the conditions analyzed, but rather to evaluate them qualitatively,

this analytical approach was appropriate. Inclusion of this analytical method

A table of factors for converting non-SI units of measurement to SI
(metric) units is found on page 3.
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provided an additional source of information from which to determine the rela-

tive performance of the eight conditions evaluated.
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PART I: NUMERICAL MODELING

TABS-2 Modeling System

10. TABS-2 is a family of computer programs used in two-dimensional

(2-D) modeling of hydrodynamics, sedimentation, and constituent transport in

rivers, reservoirs, bays, and estuaries. The system was developed by the

Hydraulics Laboratory, US Army Engineer Waterways Experiment Station, using

the finite-element, hydrodynamic model, RMA-2V, and sediment transport model,

STUDH. Significant enhancements to the codes, as well as development of pre-

and postprocessing utilities, have allowed for applications to a wide class of

computational hydraulics problems. A more detailed description of both models

appears in Appendix A.

Numerical Hydrodynamic Model

Mesh design

11. A 2-D mesh was designed to represent the Southwest Pass from below

mile 16 at dike 16.29L to the entrance. Hydrographic surveys of Southwest

Pass, Louisiana, taken by the New Orleans District, sheets 9 and 10 dated

11 March 1988, were used to design the numerical model mesh. The mesh shown

in Figure 10 contained 2,175 elements and 6,796 nodes and included elements to

define the existing and proposed lateral dikes. Depths at each node were as-

signed using recent surveys from the New Orleans District.

12. The upper portions of Figures 2-9 show the dike configuration for

each case, and the lower portions show the resulting velocity fields. The

base plan was derived from the hydrographic surveys of Southwest Pass, Louisi-

ana, which show the locations and lengths of existing dikes. The locations of

the east and west jetties, also defined by these surveys, determined the lat-

eral extent of the model (Figure 2). Plan A (Nigure 3) consisted of adding

supplemental dikes between existing dikes with no other conditions altered.

Most of these dikes were detached from the jetties. Plan B (Figure 4) con-

nected five selected dikes from Plan A on the right bank. Plan C (Figure 5)

connecLed 10 selected dikes from Plan A to the jetties. Five were on the

right bank and five on the left bank. Plan D (Figure 6) connected four of the

dikes from Plan A to the jetties, three on the left bank, and one on the right
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bank. Plan E (Figure 7) connected six of the base condition dikes to the jet-

ties, four on the left bank and two on the right bank. Plan F (Figure 8), the

minimum structural alternative, connected two of the base dikes on the right

bank and one of the additional lateral dikes from Plan A to the right jetty.

Plan G (Figure 9) included the existing dike locations and lengths from the

inner east-west bulkhead toward the channel. Everything behind the bulkhead

is considEred solid and flow does not pass through it.

Testing conditions

13. The model was run with a turbulent exchange coefficient of

20 ft 2/sec and Manning's n friction values varying between 0.020 and 0.030.

The friction values were based on depth. A 900,000-cfs flow at Venice, LA,

was duplicated for this study. Earlier studies indicated that with bank

protection works described as Supplement 2 for the 40-ft-deep project in

place, the Southwest Pass would convey 19 percent of the total 900,000-cfs

discharge at Venice through the jetty reach (Richards and Trawle 1988). Based

on this, velocity values were assigned to the upstream boundary and a mean

water-surface elevation was assigned to the downstream boundary nodes and the

model run in a steady-state mode.

Numerical Sediment Transport Model

14. The computational mesh for the sediment transport computations was

identical to that of the hydrodynamic model. The base condition and Plans A

and G were evaluated with the STUDH model. The length of the sedimentation

model time-step selected was 1,800 sec (0.5 hr). Other model parameters were

as follows:

Crank-Nicholson implicitness factor 0.66

Manning's n roughness 0.02

Effective particle diameter for transport 0.15 mm

Effective settling velocity 0.0075 m/sec

Upstream boundary concentration 0.10 kg/m 3

Dispersion coefficient 0.2c m 2/sec

15. The model was run in the following sequence:

a. Run 1 (10 time-steps): cold-start (set to zero) bed change and

concentration.
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b. Run 2 (10 time-steps): cold-start bed change and hot-start
concentration from run 1.

c. Run 3 (1 time-step): cold-start bed change and hot-start
concentration.

Sensitivity Testing

16. Sensitivity tests were conducted with the sediment transport model

to determine those model parameters that produced the smallest reasonable bed

change during a time-step. A smaller version of the mesh from river mile

19.05 to the entrance was used in this evaluation. Initially an effective

particle diameter for transport of 0.15 mm and an upstream boundary concertra-

tion of 0.10 kg/m 3 were assigned to determine the lowest value for the disper-

sion coefficient that could be used to produce mea-ingful results with the

model. The model v'as run with dispersion coefficients of 1.0, 0.5, Lad

0.1 m 2/sec, T ie value of 0.1 m 2/sec did not produce concentration oscilla-

tions at this point; but in some of the later tests, the flow fields were more

diffic,ilt and oscillations occurred for values below 0.2 m 2/sec. This value,

0.2, was used for all testing. Finally, the incoming sediment concentration

was varied using values of 0.5 kg/m 3 and 0.9 kg/m 3 and the results showed no

improvement. The results also showed that the model required at least the

upper one-third of the mesh to initially reach some equilibrium and produce

reasonable results. Therefore the model mesh was extended upstream to move

thi.-3 transition region away from the study area. The test also sbowed that

the downstream boundary was appropriate for this study.

Analytical Sediment Transport Analysis

17. The Memphis District and Colby sediment transport relationships

were selected to provide additi, a] insight into the relative mRerits of the

conditions tested. The Memphis District equation is a stream power type equa-

tion that also considers the slope of the energy grade 1ae. It was developed

by C. W. Forney, Jr., and W. D. Martin for application in the US Army Engineer

District, Memphis. It is a modified version of 1lo's equation (Ilo 1975).

The slope in the equation is taken to be equal tc the water-surface slope for

large rivers such as the Mississippi. The equation is presented as follows:
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(0.25 * Qw * V * V * S)

d6 5

where

Qs = sediment transport, tons per day

Qw = water discharge, cfs

V = average cross-sectional velocity, fps

S = slope, ft per ft

d65 = grain size, ft, for which the bed material is 65 percent finer
by weight

This method was used to evaluate the base condition and Plans A and G.

18. Colby's relationship applies to sand-size material with a d5 0

between 0.1 and 1.0 mm. The relationship consists of four graphs and gives

the uncorrected sediment discharge as a function of average cross-sectional

velocity, water depth, and the median grain size of the material found in the

riverbed. Additional graphs correct for temperature, fine sediment concentra-

tion, and median size of bed sediment (Colby 1964). These calculations were

made using the CORPS system for engineering design (Jones 1977). This method

was used to evaluate the base condition and Plans A and G. It was then com-

pared with the Memphis District results. Based on this comparison of the two

analytic methods, Colby's relationship was selected as the basis for qualita-

tive comparison of the performance of all eight geometries tested.

19. The input variables for these equations were obtained from the

TABS-2 hydrodynamic results for the various conditions evaluated. These are

summarized in Table 2.

10



PART III: RESULTS AND CONCLUSIONS

Hydrodynamics

20. The hydrodynamic LeSultS fcr the base and seven plans are discussed

in this section. Velocity magnitudes and surface elevations along the channel

center line were compared, and the 2-D vector plots of velocities were

developed.

Velocity magnitudes

21. Velocity magnitudes were compared along the channel center line at

locations adjacent to existing dikes and proposed lateral dikes and midway

between them. A channel cross-section weighted average velocity for each

location was calculated by giving the velocities at locations adjacent to the

dikes a weight of 1/6 and the velocity of the center line of the channel a

weight of 2/3. This weighting reasonably reflects the appropriate average

flow velocities profile in a simple manner. Table 3 is a tabulation of these

weighted average velocity magnitudes. Figure 11 is a plot of these values

along the channel center line. In general, velocities were modified least by

Plan A, although some increase across the cbannel was noted. Plan C caused

the greatest impact on velocities. This was a result of a complete blockage

of flow around the landward ends of the dikes near the model boundary. Model

results near a flow boundary are generally less reliable; thus, the proximity

of the lower boundary may indicate that the predicted drop in velocity there

is a numerical artifact rather than an actual difference. Plan E provided

results virtually identical to Plan G.

Velocity results

22. The velocity veciors for the base condition and Plans A through G

are shown in the lower portion of Figures 2 through 9. It can be seen that in

all plans other than C, E, and G, there is significant flow behind the dikes

(between the dikes and jetties). This criterion was used during testing to

determine which dikes should be extended. Thus by reducing the flow bypassing

the dike fields, the channel velocities were increased.

23. The various plans resulted in local variations in the weighted

velocities as measured at the cross sections shown in Table 3. These results

are more readily interpreted from Figure 11, which shows them graphically. It

can be seen that Plan G, the inner bulkhead plan, provides the highest

11



velocities in the study reach. The various other plans generally fall below

the Plan G plot, indicating lower velocities. Plan C, the alternative with

the maximum number of dikes, resulted in velocities very near or slightly

higher than Plan G. Plan E, which connected four existing base condition

dikez .. , the left bank and two on the right bank to the jetties, resulted in

velocities only slightly lower than Plans G and C. The remainder of the plans

were all inferior to Plans G, C, and E.

Water-surface elevations

24. Water-surface elevations were compared at the same locations as the

velocity magnitudes. The greatest variation observed between the plans was

less than 0.05 ft. Therefore, the water-surface elevations were considered

unchanged by the various plans.

Sedimentation

Numerical results

25. As previously mentioned in paragraph 16, the numerical model was

tested for sensitivity to changes in the variables to ensure that the results

were reasonable. This testing was necessitated by the fact that the model was

not verified. When this portion of the study was completed, the model ap-

peared to be producing reasonable shoaling patterns that would be expected in

the study area.

26. However, when Plans A and G were evaluated in the numerical model,

the results were inconsistent with the expected shoaling trend. The plans

appeared to increase channel shoaling in the study area. This was contrary to

what would be expected with an increase in velocities and more uniform channel

streamlines as determined by the hydrodynamic results. The scope of the study

did not allow resolution of this anomaly (though it is suspected to be due to

the assumption of uniform velocity and concentration vertically in a 2-D

model), and no further plans were evaluated with the sediment model.

Analytical -esults

27. The analytical results were based upon analysis of the sediment

transport potential for the three conditions and evaluation of the variation

in velocities and water-surface slopes. All evaluations were made by compar-

ing the plan results with the base results. The Memphis District formula

proved to be a poor predictor due to sensitivity of this equation to slight

12



changes in slope; therefore, it was not used in the ccplete analysis. The

Colby formula seemed to provide the most reasonable and consistent results.

The Colby variables used in the analysis are as follows:

Water discharge 162,000 cfs

D65 grain size 0.15 mm

Water depth 40 ft

Channel water width 900 ft

Fine material concentration 150 parts per million

Water velocity As shown in Table 2

The Colby results are discussed below.

Sediment transport results

28. While the sediment transport varied from reach to reach, the total

sediment transport was very similar for all of the plans. The incremental and

cumulative sediment transport capacity by reach for each plan is shown in

Table 3. Plan C resulted in the greatest cumulative sediment transport capac-

ities in the study reach. Plans E and G provided similar cumulative sediment

transport capacities, both of which were slightly less than the Plan C re-

sults. The transport capacities for the remaining plans were all lower than

the results for Plans C, E, and G. The results for each plan are summarized

in the following tabulation showing the increase in cumulative sediment trans-

port as a percent when compared to the base condition. Figure 12 shows the

results for each plan graphically.

Change in Cumulative
Sediment Transport

Plan Capacity, percent

Base 0.00

A +1.00

B +3.00

C +7.00

D +2.00

E +4.00

F +2.00

G +4.00

13



PART IV: CONCLUSIONS

29. The following conclusions are based on the qualitative comparison

of results from the numerical and analytical analyses.

a. Plans C, E, and G provided the most uniform streamlines within
the study reach.

b. The improved streamlines for Plans C and E should reduce ero-
sion of the submerged berms on either side of the navigation
channel. Plan C, with the inner bulkhead, completely shelters
the berms.

c. The velocities were highest and very similar for Plans C, E,
and G.

d. Plan C resulted in the greatest increase in total sediment
transport capacity within the study reach -- 7 percent over the
base condition. Plans E and G were the next most efficient
sediment transport schemes with increases of 4 percent over the
base condition.

e. While a quantitative economic evaluation of the plans is beyond
the scope of this study, it would appear that Plan E (extension
of six existing dikes), which requires considerably fewer
structural additions to the existing Southwest Pass features
than either Plan C or G, provides the best and most economical
results. Plan C calls for the construction of 22 additional
dikes and the extension of 10 additional dikes. Plan G calls
for an inner bulkhead of continuous concrete piles to be con-
structed within the entire length of the study area.

f. Based on maximizing increases in velocity and sediment trans-
port and minimizing structural additions, Plan E is recommended
as the best overall plan evaluated.

14
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Table 1

Alternatives Tested

Nomenclature Features Comments

Base Existing dikes With Supplement 2 training
works in place

Plan A Double the existing dikes Not all connected to jetties

Plan B 5 dikes connected to jetty All on right bank

Plan C 5 left bank, 5 right bank dikes Otherwise, same as Plan A

coLinected to jetties

Plan D 3 left bank, I right bank dikes Otherwise, same as base

c(nnected to jetties

Plan E 4 left bank, 2 right bank dikes Otherwise, same as base

connected to jetties

Plan F 3 right bank dikes connected to 2 base dikes, one additional

jetty lateral dike

Plan G Inner continuous bulkhead General Design Memorandum
Plan



Table 2

River Velocity, fps

Arithmetic Weighted
Mile Left Center Right Average Average

Base

17.80 3.0 3.2 3.0 3.1 3.2
18.02 3.2 3.6 3.3 3.4 3.5
18.40 2.8 3.4 3.4 3.2 3.3
18.62 2.2 3.6 3.6 3.1 3.3
18.83 1.5 3.6 3.7 2.9 3.3

19.05 1.9 3.5 3.6 3.0 3.3
19.27 2.0 3.6 3.6 3.1 3.3
19.59 2.1 3.7 3.7 3.1 3.4
19.80 2.3 3.9 3.7 3.3 3.6
20.00 2.6 3.9 3.6 3.4 3.6
20.14 2.4 3.9 3.7 3.3 3.6

Plan A

17.80 3.1 3.4 3.1 3.2 3.3
18.02 3.1 3.5 3.2 3.3 3.4
18.40 2.7 3.5 3.5 3.2 3.4
18.62 1.9 3.6 3.7 3.1 3.4
18.83 1.5 3.6 3.7 2.9 3.3

19.05 1.7 3.6 3.6 2.9 3.3
19.27 1.9 3.6 3.7 3.1 3.3
19.59 2.0 3.7 3.7 3.1 3.4
19.80 2.2 3.9 3.7 3.3 3.6
20.00 2.5 4.0 3.6 3.4 3.7
20.14 2.3 4.0 3.7 3.3 3.6

Plan B

17.80 3.1 3.4 3.1 3.2 3.3
18.02 3.1 3.5 3.2 3.3 3.4
18.40 2.7 3.5 3.5 3.2 3.4
18.62 1.9 3.7 3.7 3.1 3.4
18.83 1.5 3.7 3.8 3.0 3.4

19.05 1.7 3.7 3.7 3.0 3.3
19.27 1.9 3.7 3.7 3.1 3.4
19.59 2.0 3.7 3.7 3.1 3.4
19.80 2.2 3.9 3.7 3.3 3.6
20.00 2.6 3.9 3.6 3.4 3.7
20.14 2.3 4.0 3.7 3.3 3.6

(Continued)
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Table 2 (Continued)

Arithmetic Weighted
Mile Left Center Right Average Average

Plan C

17.80 3.1 3.4 3.1 3.2 3.3
18.02 3.2 3.5 3.3 3.3 3.4
18.40 2.7 3.6 3.6 3.3 3.5
18.62 2.0 3.8 3.8 3.2 3.5
18.83 1.6 3.7 3.8 3.0 3.4

19.05 1.8 3.7 3.7 3.1 3.4
19.27 1.9 3.7 3.7 3.1 3.4
19.59 2.0 3.7 3.7 3.1 3.4
19.80 2.2 3.9 3.7 3.3 3.6
20.00 2.6 4.0 3.6 3.4 3.7
20.14 2.3 4.0 3.7 3.3 3.6

Plan D

17.80 3.0 3.2 3.0 3.1 3.2
18.02 3.1 3.5 3.3 3.3 3.4
18.40 2.8 3.6 3.5 3.3 3.4
18.62 2.2 3.7 3.8 3.2 3.5
18.83 1.7 3.6 3.7 3.0 3.3

19.05 2.2 3.5 3.5 3.1 3.3
19.27 2.0 3.6 3.6 3.1 -.3
19.59 2.1 3.7 3.6 3.1 3.4
19.80 2.3 3.9 3.7 3.3 3.6
20.00 2.6 3.9 3.6 3.4 3.6
20.14 2.6 3.9 3.7 3.3 3.6

Plan E

17.80 3.0 3.2 3.0 3.1 3.2
18.02 3.1 3.5 3.3 3.3 3.4
18.40 2.8 3.6 3.5 3.3 3.4
18.62 2.2 3.7 3.8 3.2 3.5
18.83 1.7 3.6 3.7 3.0 3.3

19.05 2.0 3.6 3.6 3.1 3.4
19.27 2.0 3.7 3.6 3.1 3.4
19.59 2.2 3.7 3.6 3.2 3.4
19.80 2.3 3.9 3.7 3.3 3.6
20.00 2.6 3.9 3.6 3.4 3.6
20.14 2.4 3.9 3.7 3.3 3.6

(Continued)
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Table 2 (Concluded)

Arithmetic Weighted
Mile Left Center Right Average Average

Plan F

17.80 3.0 3.2 3.0 3.1 3.1
18.02 3.2 3.5 3.3 3.3 3.4
18.40 2.8 3.5 3.4 3.2 3.3
18.62 2.3 3.6 3.6 3.2 3.4
18.83 1.6 3.6 3.7 3.0 3.3

19.05 1.9 3.6 3.6 3.0 3.3
19.27 2.0 3.6 3.6 3.1 3.7
19.59 2.0 3.7 3.7 3.1 3.4
19.80 2.3 3.9 3.7 3.3 3.6
20.00 2.6 3.9 3.6 3.4 3.7
20.14 2.4 3.9 3.7 3.3 3.6

Plan G

17.80 3.0 3.2 3.0 3.1 3.2
18.02 3.1 3.5 3.3 3.3 3.4
18.40 2.8 3.5 3.5 3.3 3.4
18.62 2.2 3.7 3.7 3.2 3.6
18.83 1.8 3.7 3.7 3.1 3.4

19.05 2.2 3.7 3.6 3.2 3.4
19.27 2.0 3.7 3.7 3.1 3.4
19.59 2.2 3.7 3.6 3.2 3.4
19.80 2.7 3.9 3.6 3.4 3.6
20.00 2.9 3.8 3.3 3.3 3.5
20.14 2.9 3.8 3.6 3.4 3.6
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Table 3

Weighted Velocities and Sediment Transport

Average Incremental Cumulative

River Weighted Sediment Sediment

Mile Velocity, fps Transport, tons/day Transport, tons/days

Base

17.80 3.2 65,000 65,000

18.02 3.5 96,000 161,161

18.40 3.3 79,000 240,000

18.62 3.3 81,000 321,000

18.83 3.3 73,000 394,000

19.05 3.3 73,000 467,000

19.27 3.3 79,000 546,000

19.59 3.4 86,000 632,000

19.80 3.6 103,000 735,000

20.00 3.6 111,000 846,000

20.14 3.6 108,000 954,000

Plan A

17.80 3.3 75,000 75,000

18.02 3.6 82,000 157,000

18.40 3.4 84,000 241,000

18.62 3.3 81,000 322,000

18.83 3.3 75,000 397,000

19.05 3.3 73,000 470,000

19.27 3.3 81,000 551,000

19.59 3.4 87,000 638,000

19.80 3.6 104,000 742,000

20.00 3.6 114,000 856,000

20.14 3.6 112,000 968,000

Plan B

17.80 3.3 75,000 75,000

18.02 3.4 82,000 157,000

18.40 3.4 84,000 241,000

(Continued)

(Sheet 1 of 4)



Table 3 (Continued)

Average Incremental Cumulative
River Weighted Sediment Sediment
Mile Velocity, fps Transport, tons/day Transport, tons/days

Plan B (Continued)

18.62 3.4 86,000 327,000

18.83 3.4 82,000 409,000

19.05 3.3 79,000 488,000

19.27 3.4 84,000 572,000

19.59 3.4 86,000 658,000

19.80 3.6 103,000 761,000

20.00 3.7 113,000 874,000

20.14 3.6 111,000 985,000

Plan C

17.80 3.3 75,000 75,000

18.02 3.4 88,000 163,000

18.40 3.4 91,000 254,000

18.62 3.5 94,000 348,000

18.83 3.4 85,000 433,000

19.05 3.4 85,000 518,000

19.27 3.4 86,000 604,000

19.59 3.4 89,000 693,000

19.80 3.6 104,000 797,000

20.00 3.7 114,000 911,000

20.14 3.6 112,000 1,023,000

Plan D

17.80 3.2 65,000 65,000

18.02 3.4 88,000 153,000

18.40 3.4 88,000 241,000

18.62 3.8 94,000 335,000

18.83 3.3 80,000 415,000

19.05 3.3 76,000 491,000

(Continued)
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Table 3 (Continued)

Average Incremental Cumulative

River Weighted Sediment Sediment

Mile Velocity, fps Transport, tons/day Transport, tons/days

Plan D (Continued)

19.27 3.3 80,000 571,000

19.59 3.4 86,000 657,000

19.80 3.6 104,000 761,000

20.00 3.6 111,000 872,000

20.14 3.6 107,000 979,000

Plan E

17.80 3.2 65,000 65,000

18.02 3.4 88,000 153,000

18.40 3.4 88,000 241,000

18.62 3.5 94,000 335,000

18.83 3.3 80,000 415,000

19.05 3.4 85,000 500,000

19.27 3.4 84,000 584,000

19.59 3.4 88,000 672,000

19.80 3.6 104,000 776,000

20.00 3.6 111,000 887,000

20.14 3.6 109,000 996,000

Plan F

17.80 3.1 65,000 65,000

18.02 3.4 89,00u 154,000

18.40 3.3 80,000 234,000

18.62 3.4 86,000 320,000

18.83 3.3 77,000 397,000

19.05 3.3 78,000 475,000

19.27 3.4 83,000 558,000

19.59 3.4 87,000 645,000

19.80 3.6 103,000 748,000

(Continued)
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Table 3 (Concluded)

Average Incremental Cumulative
River Weighted Sediment Sediment
mile Velocity, fps Transport, tons/day Transport, tons/days

Plan F (Continued)

20.00 3.7 113,000 861,o00

20.14 3.6 110,000 971,000

Plan G

17.80 3.2 65,000 65,000

18.02 3.4 87,000 152,000

18.40 3.4 87,000 239,000

18.62 3.5 92,000 331,000

18.83 3.4 82,000 413,000

19.05 3.4 87,000 900,000

19.27 3.4 84,000 584,000

19.59 3.4 90,000 674.0J0

19.80 3.6 109,000 783,000

20.00 3.5 101,000 884,000

20.14 3.6 112,000 996,000

(Sheet 4 of 4)
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Figure 1i. Weighted average velocity comparisons
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APPENDIX A: THE TABS-2 SYSTEM

I. TABS-2 is a collection of generalized computer programs and utility

codes integrated into a numerical modeling system for studying two-dimensional

hydrodynalics, sedimentation, and transport problems in rivers, reservoirs,

bays, and estuaries. A sche-aatic representation of the system is shown in

Figure Al. It can be used either as a stand-alone solution technique or as a

step in the hybrid modeling approach. The basic concept is to calculate

water-surface elevations, current patterns, sediment erosion, transport and

deposition, the resulting bed surface elevations, and the feedback to hydrau-

lics. Existing and proposed geometry can be analyzed to determine the impact

on sedimentation of project designs and to determine the impact of project

iesigns on salinity and on the stream system. The system is described in de-

tail by Thomas and McAnally (1985).

2. The three basic components of the system are as follows:

a. "A Two-Dimensional Model for Free Surface Flows," RMA-2V.

b. "Sediment Transport in Unsteady 2-Dimensional Flows, Horizontal
Plane," STUDH.

c. "Two-Dimensional Finite Element Program for Water Quality,"

FJMA-4.

3. RMA-2V is a finite element solution of the Reynolds form of the

Navier-Stokes equations for turbulent flows. Friction is calculated with

Manning's equation and eddy viscosity coefficients are used to define the

turbulent losses. A velocity form of the basic equation is used with side

boundaries treated as either slip or static. The model automatically recog-

nizes dry elements and corrects the mesh accordingly. Boundary conditions may

be water-surface elevations, velocities, or discharges and may occur inside

the mesh as well as along the edges.

TABS-2

MOFI OSTPROCESSCR P'UT

Figure At. TABS-2 schematic

A]



4. The sedimentation model, STUDH, solves the cor-,ection-diffusion

equation with bed source terms. These terms are structured for either sand or

cohesive sediments. The Ackers-White (1973) procedure is used to calculate a

sediment transport potential for the sands from which the actual transport is

calculated based on availability. Clay erosion is based on work by Parthen-

lades (1962) and Ariathurai and the deposition of clay utilizes Krone's equa-

tions (Ariatlurai, MacArthur, and Krone 1977). Deposited material forms

layers, as shown in Figure A2, and bookkeeping allows up to 10 layers at each

node for maintaining separate material types, deposit thickness, and age. The

code uses the same mesh as RMA-2V.

5. Salinity calculations, RMA-4, are made with a form of the

convective-diffusion equation which has general source-sink terms. Up to

seven conservative suibstances or substances requiring a decay term can be

routed. The code uses the same mesh as RMA-2V.

6. Each of these generalized -omputer codes can be used as a stand-

alone program, but to facilitate the preparation of input data and to aid in

analyzing results, a family of utility programs was developed for the follow-

ing purposes:

a. Digitizing

b. Mesh generation

c. Spatial data management

d. Graphical output

e. Output analysis

f. File management

L. Interfaces

h. Job control language

Finite Element Modeling

7. The TABS-2 numerical models used in this effort employ the finite

element method to solve the governing equations. To help those who are un-

familiar with the method to better understand this report, a brief description

of the method is given here.

8. The finite element method approximates a solution to equations by

dividing the area of interest into smaller subareas, which are called ele-

ments. The dependent variables (e.g., water-surface elevations and sediment

A2



245 246 247

177.. ... . 11784479

a. Eight nodes define each element

F (245? (7245.. . .. . .246 247 F4

/ x

/ .

.77 178 179

b. Linear interpolation function

Figure A2. Two-dimensional finite element mesh
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concentrations) are approximated over each element by continuous functions

which interpolate in terms of unknown point (node) values of the variables.

An error, defined as the deviation of the approximation solution from the cor-

rect solution, is minimized. Then, when boundary conditions are imposed, a

set of solvable simultaneous equations is created. The solution is continuous

over the area of interest.

9. In one-dimensional problems, elements are line segments. In two-

dimensional problems, the elements are polygons, usually either triangles or

quadrilaterals. Nodes are located on the edges of elements and occasionally

inside the elements. The interpolating functions may be linear or higher

order polynomials. Figure A2 illustrates a quadrilateral element with eight

nodes and a linear solution surface where F is the interpolating function.

10. Most water resource applications of the finite element method use

the Galerkin method of weighted residuals to minimize error. In this method

the residual, the total error between the approximate and correct solutions,

is weighted by a function that is identical with the interpolating function

and then minimized. Minimization results in a set of simultaneous equations

in terms of nodal values of the dependent variable (e.g. water-surface eleva-

tions or sediment concentration). The time portion of time-dependent problems

can be solved by the finite element method, but it is generally more efficient

to express derivatives with respect to time in finite difference form.

N

The Hydrodynamic Model, RMA-2V

Applications

11. This program is designed for far-field problems in which vertical

accelerations are negligible and the velocity vectors at a node generally

point in the same directions over the entire depth of the water column at any

instant of time. It expects a homogeneous fluid with a free surface. Both

steady and unsteady state problems can be analyzed. A surface wind stress can

be imposed.

12. The program has been applied to calculate flow distribution around

islands; flow at bridges having one or more relief openings, in contracting

and expanding reaches, into and out of off-channel hydropower plants, at river

junctions, and into and out of pumping plant channels; and general flow pat-

terns in rivers, reservoirs, and estuaries.

A4



Limitations

13. This program is not designed for near-field problems where flow-

structure inLeractions (such as vortices, vibrations, or vertical accelera-

tions) are of interest. Areas of vertically stratified flow are beyond this

program's capability unless it is used in a hybrid modeling approach. It is

two-dimensional in the horizontal plane, and zones where the bottom current is

in a different direction from the surface current must be analyzed with con-

siderable subjective judgment regarding long-term energy considerations. It

is a free-surface calculation for subcritical flow problems.

Governing equations

14. The generalized computer program RMA-2V solves the depth-integrated

equations of fluid mass and momentum conservation in two horizontal direc-

tions. The form of the solved equations is

Ou u- 2u 2 23 +h + hu 7 + hv Ly - -(xx -Iu x2  -)+g

7t X ua2 P 3x 2 3 X 9

+ gun 2 u2 + v2) - 2 cos i - 2hwv sin 4 = 0 (Al)

2v 2v + ~ v a , L

h i + hv L + hv yy x yy- hy2 + gh Ly

t ~ ~~ X a Y 2 yy D/ 2 9

+ gvn2  2 + v2 - V 2 sin 1 + 2whu sin ¢ = 0 (A2)

(1.486h 1 /6) 2

3h + h Du + + u Lh + v L = 0 (A3)

where

h = depth

u,v = velocities in the Cartesian directions

x,y,t = Cartesian coordinates and time

P = density

AS



c = eddy viscosity coefficient, for xx = normal direction on

x-axis surface; yy = normal direction on y-axis surface; xy
and yx = shear direction on each surface

g = acceleration due to gravity

a = elevation of bottom

n = Manning's n value

1.486 = conversion from SI (metric) to non-SI units

= empirical wind shear coefficient

V = wind speeda

= wind direction

w = rate of earth's angular rotation

= local latitude

15. Equations Al, A2, and A3 are solved by the finite element method

using Galerkin weighted residuals. The elements may be either quadrilaterals

or triangles and may have curved (parabolic) sides. The shape functions are

quadratic for flow and linear for depth. Integration in space is performed by

Gaussian integration. Derivatives in time are replaced by a nonlinear finite

difference approximation. Variables are assumed to vary over each time inter-

val in the form

f"(t) = f(0) + at + bt c  t o 0 t < t (A4)

which is differentiated with respect to time, and cast in finite difference

form. Letters a , b , and c are constants. It has been found by experi-

ment that the best value for c is 1.5 (Norton and King 1977).

16. The solution is fully implicit and the set of simultaneous equations

is solved by Newton-Raphson iteration. The computer code executes the solu-

tion by means of a front-type solver that assembles a portion of the matrix

and solves it before assembling the next portion of the matrix. The front

solver's efficiency is largely independent of bandwidth and thus does not

require as much care in formation of the computational mesh as do traditional

solvers.

17. The code RMA-2V is based on the earlier version RMA-2 (Norton and

King 1977) but differs from it in several ways. It is formulated in terms of

velocity (v) instead of unit discharge (vh), which improves some aspects of

the code's behavior; it permits drying and wetting of areas within the grid;
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and it permits specification of turbulent exchange coefficients in directions

other th6LL along the x- and z-axes. For a more complete description, see

Appendix F of Thomas and McAnally (1985).

The Sediment Transport Model, STUDH

Applications

18. STUDH can be applied to cl-y and/or sand bed sediments where flow

velocities can be considered two-dimensional (i.e., the speed and direction

can be satisfactorily represented as a depth-averaged velocity). It is useful

for both deposition and erosion studies and, to a limited extent, for stream

width studies. The program treats two categories of sediment: noncohesive,

which is referred to as sand here, and cohesive, which is referred to as clay.

Limitations

19. Both clay and sand may be analyzed, but the model considers a

single, effective grain size for each and treats each separately. Fall veloc-

ity must be prescribed along with the water-surface elevations, x-velocity,

y-velocity, diffusion coefficients, bed density, critical shear stresses for

erosion, erosion rate constants, and critical shear stress for deposition.

20. Many applications cannot use long simulation periods because of

their computation cost. Study areas should be made as small as possible to

avoid an excessive number of elements when dynamic runs are contemplated yet

must be large anuugh to permit proper posing of boundary conditions. The same

computation time interval must be satisfactory for both the transverse and

longitudinal flow directions.

21. The program does not compute water-surface elevations or velocities;

therefore, these data must be provided. For complicated geometries, the

numerical model for hydrodynamic computations, RMA-2V, is used.

Governing equations

22. The generalized computer program STUDH solves the depth-integrated

convection-dispersion equation in two horizontal dimensions for a single sedi-

ment constituent. For a more complete description, see Appendix G of Thomas

and McAnally (1985). The form of the solved equation is

C+u L+v .=- (D LC= L 1A2
- ax ay ax x ax ) 3y \yy,/ +aC+a =0
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where

C = concentration of sediment

u = depth-integrated velocity in x-direction

v = depth-integrated velocity in y-direction

D = dispersion coefficient in x-directionx

D = dispersion coefficient in y-directionY

al = coefficient of concentration-dependent source/sink term

a2 = coefficient of source/sink term

23. The source/sink terms in Equation A5 are computed in routines that

treat the interaction of the flow and the bed. Separate sections of the code

handle computations for clay bed and sand bed problems.

Sand transport

24. The source/sink terms are evaluated by first computing a potential

sand transport capacity for the specified flow conditions, comparing that

capacity with the amount of sand actually being transported, and then eroding

from or depositing to the bed at a rate that would approach the equilibrium

value after sufficient elapsed time.

25. The potential sand transport capacity in the model is computed by

the method of Ackers and White (1973), which uses a transport power (work

rate) approach. It has been shown to provide superior results for transport

under steady-flow conditions (White, Milli, and Crabbe 1975) and for combined

waves and currents (Swart 1976). Flume tests at the US Army Engineer Water-

ways Experiment Station have shown that the concept is valid for transport by

estuarine currents.

26. The total load transport function of Ackers and White is based upon

a dimensionless grain size

Dgr = D 2  (A6)

where

D = sediment particle diameter

s = specific gravity of the sediment

v= kinematic viscosity of the fluid

and a sediment mobility parameter

A8



T n' ,(l-n') 1/2
F _ . ... (A7)

gr =pgD(s - 1) J

where

T = total boundary shear stress

n' = a coefficient expressing the relative importance of bed-load and
suspended-load transport, given in Equation A9

T' = boundary surface shear stress

The surface shear stress is that part of the total shear stress which is due

to the rough surface of the bed only, i.e., not including that part due to bed

forms and geometry. It therefore corresponds to that shear stress that the

flow would exert on a plane bed.

27. The total sediment transport is expressed as an effective

concentration

sD (A8)

where U is the average flow speed, and for I < D < 60gr -

n' = 1.00 - 0.56 log D (A9)gr (9

A =  0.23 + 0.14 (A10)

log C 2.86 log Dg r - (log D gr) 2 - 3.53 (All)

9.66m = -- + 1.34 (A12)
D
gr

For D < 60
gr

n' = 0.00 (A13)
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A = 0.17 (A14)

C = 0.025 (A15)

m = 1.5 (A16)

28. Equations A6-AI6 result in a potential sediment concentration GP
This value is the depth-averaged concentration of sediment that will occur if

an equilibrium transport rate is reached with a nonlimited supply of sediment.

The rate of sediment deposition (or erosion) is then computed as

G - C
R = - (A17)

t
c

where

C = present sediment concentration

t = time constant
c

For deposition, the time constant is

At

or (A18)

t = larger ofc ~Cdh

V
s

and for erosion it is

(At
or (A19)

t = larger of

U

where

At = computational time-step

Cd = response time coefficient for deposition

V = sediment settling velocitys

C = response time coefficient for erosion
e

ALO



The sand bed has a specified initial thickness which limits the amount of ero-

sion to that thickness.

Cohesive sediments transport

29. Cohesive sediments (usually clays and some silts) are considered to

be depositional if the bed shear stress exerted by the flow is less than a

critical value Td . When that value occurs, the deposition rate is given by

Krone's (1962) equation

-V- C (- for C < C (A20)

S2Vs C5 13  
for C > C (A21)

hC 4/3 Tdc

C

where

S = source term

V = fall velocity of a sediment particles

h = flow depth

C = sediment concentration in water column

= bed shear stress

Td = critical shear stress for deposition

C = critical concentration = 300 mg/t
c

30. If the bed shear stress is greater than the critical value for par-

ticle erosion T , material is removed from the bed. The source term is thene

computed by Ariathurai's (Ariathurai, MacArthur, and Krone 1977) adaptation of

Partheniades' (1962) findings:

S = E) for T > T (A22)
(Te

where P is the erosion rate constant, unless the shear stress is also

greater than the critical value for mass erosion. When this value is

exceeded, mass failure of a sediment layer occurs and

TLP

S = L for T > T (A23)

All



where

TL = thickness of the failed layer

PL = density of the failed layer

At = time interval over which failure occurs

T = bulk shear strength of the layer

31. The cohesive sediment bed consists of 1 to 10 layers, each with a

distinct density and erosion resistance. The layers consolidate with

overburden and time.

Bed shear stress

32. Bed shear stresses are calculated from the flow speed according to

one of four optional equations: the smooth-wall log velocity profile or

Manning equation for flows alone; and a smooth bed or rippled bed equation for

combined currents and wind waves. Shear stresses are calculated using the

shear velocity concept where

Tb = pu, (A24)

where

Tb = bed shear stress

u, = shear velocity

and the shear velocity is calculated by one of four methods:

a. Smooth-wall log velocity profiles

__ = 5.75 log K3.32 )(A25)

which is applicable to the lower 15 percent of the boundary
layer when

u*h
-> 30
V

where u is the mean flow velocity (resultant of u and v
components)
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b. The Manning shear stress equation

S kun ),rg (A26)
CME (h)

where CME is a coefficient of I for SI (metric) units and
1.486 for non-SI units of measurement.

c. A Jonsson-type equation for surface shear stress (plane beds)
caused by waves and currents

u= fwuom + ocm)(\ + u)2 (A27)

( om

where

f = shear stress coefficient for waves
w

uom = maximum orLital velocity of waves

f = shear stress coefficient for currents
c

d. A Bijker-type equation for total shear stress caused by waves
and current

i Tc2 + I fu2 (A28)

Solution method

33. Equation A5 is solved by the finite element method using Galerkin

weighted residuals. Like RMA-2V, which uses the same general solution tech-

nique, elements are quadrilateral and may have parabolic sides. Shape func-

tions are quadratic. Integration in space is Gaussian. Time-stepping is

performed by a Crank-Nicholson approach with a weighting factor (e) of 0.66.

A front-type solver similar to that in RMA-2V is used to solve the simultane-

ous equations.
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